Mutations in the GJB2 gene-encoding connexin 26 (Cx26) have been linked to skin disorders and genetic deafness. However, the severity and type of the skin disorders caused by Cx26 mutations are heterogeneous. Here we explored the effect of Cx26 KID syndrome-associated mutations, G12R, S17F, and D50N on channel function. The Cx26 N14K mutation was also examined that is associated with deafness but has a skin disorder distinct from the KID syndrome mutations. The proteins were all expressed in Xenopus oocytes with levels equal to wild-type Cx26. The G12R, N14K, and D50N mutations resulted in larger hemichannel currents than the wild-type-expressing cells, but the S17F mutation resulted in a complete loss of hemichannel activity. Elevated hemichannel activity correlated with an increased cell death. This result could be reversed through the elevation of calcium (Ca 2 þ ) in the extracellular media. Functional gap junctions were only produced by paired N14K cells, which had a similar conductance level to wild type, even though they exhibited a complete loss of voltage sensitivity. This set of data confirms that aberrant hemichannel activity is a common feature of Cx26 mutations associated with KID syndrome, and this may contribute to a loss of cell viability and tissue integrity.
INTRODUCTION
Mutations in connexin genes are associated with diverse hereditary human diseases (White and Paul, 1999; Wei et al., 2004; Anand and Hackam, 2005; Mese et al., 2007) . Sensorineural hearing loss (SNHL) is the most common connexin-related disease that can be either nonsyndromic, or syndromic, when associated with skin disorders and other ectodermal abnormalities (Gerido and White, 2004; van Steensel et al., 2004; Richard, 2005; Lai-Cheong et al., 2007) . SNHL is commonly linked to mutations in the Cx26-encoding gene GJB2 (Petit, 2006) . Although mutations in Cx26 have been linked to a few rare autosomal dominant cases of nonsyndromic deafness (DFNA3), autosomal recessive mutations account for the vast majority of nonsyndromic hearing loss associated with GJB2 (DFNB1; Petit et al., 2001) . There is abundant evidence to suggest that loss-of-function mutations in Cx26 lead to generation of deafness, but not skin disease (White, 2000; Bruzzone et al., 2003; Zhao et al., 2006) . In fact, the most common mutation, 35delG, produces a frame shift and early protein truncation in the N terminus and accounts for up to 85% of all the mutant GJB2 alleles in nonsyndromic deaf populations in Europe (Petit et al., 2001) .
Syndromic mutations in Cx26 are associated with a variety of skin disorders such as Vohwinkel syndrome, BartPumphrey syndrome, palmoplantar keratoderma, or keratitis (and hystrix-like) ichthyosis deafness syndrome (KID/HID) and always present with autosomal dominant inheritance (Gerido and White, 2004; van Steensel et al., 2004; Richard, 2005; Lai-Cheong et al., 2007) The lack of associated skin disorders in cases of nonsyndromic SNHL shows that the function and development of the epidermis is not affected by the simple loss of Cx26 function as in the case of homozygous 35delG patients. Thus, the Cx26 mutations that can cause syndromic deafness associated with skin disease must show some type of alteration of function, but the mechanisms whereby Cx26 mutation leads to pathological changes in the epidermis remain to be elucidated.
Six connexin subunits oligomerize to form a hemichannel (Goodenough and Paul, 2003) . A functional gap junction is formed when two plasma membrane hemichannels from adjacent cells align and create a direct communication pathway between their cytoplasms (Harris, 2001) . Each connexin subunit is comprised of four transmembrane domains connected by two extracellular and one intracellular loop domains, containing cytoplasmic C and N termini. Historically, the formation of complete gap junction channels was thought to be the primary function of connexin subunits, although recently nonjunctional hemichannels have been speculated to play a role in cellular homeostasis under different physiological conditions (Bennett et al., 2003; Saez et al., 2005) .
As hemichannels may contribute to normal cell function, disease causing connexin mutations could also mediate their effects through alteration of hemichannel activity. Analysis of connexin mutations causing syndromic SNHL associated with skin disease has supported this idea. Examples include the A40V and G45E mutations of Cx26, both of which cause severe forms of KID syndrome, producing neonatal fatality in the case of G45E (Montgomery et al., 2004; Janecke et al., 2005; Jonard et al., 2008) . Both of these mutations displayed aberrant hemichannel activity leading to cell death in vitro, and constitutively active hemichannels was suggested to be the cause of the resultant epidermal pathology (Montgomery et al., 2004; Stong et al., 2006; Gerido et al., 2007) . These observations suggested that abnormal hemichannel activity may be a general feature of Cx26 mutations associated with KID/HID disorders.
Four additional Cx26 mutations G12R, N14K, S17F, and D50N have also been linked to cases of KID/HID syndrome (Richard et al., 2002; van Steensel et al., 2004; Mazereeuw-Hautier et al., 2007) . All patients exhibited SNHL symptoms, but the accompanying skin disorders varied in both clinical features and severity. KID/HID disorders cover a broad clinical spectrum, although several subtypes can be distinguished based on prevailing clinical features (MazereeuwHautier et al., 2007) . However, there is not yet sufficient data to establish clear genotype-phenotype correlations, or to associate specific reported Cx26 mutations with distinct subtypes.
The functional properties of G12R, N14K, S17F, and D50N were characterized using an in vitro expression assay comprised of cRNA-injected Xenopus oocytes. All four mutations displayed significantly different membrane currents than wild-type Cx26. Two of the mutations, D50N and G12R, produced large hemichannel currents that increased with cell depolarization and failed to induce any gapjunctional conductance between paired cells. N14K also showed abnormal hemichannel activity that was activated at positive voltages, in addition to producing robust junctional conductance in cell pairs. The voltage-gating sensitivity of junctions formed by N14K channels was greatly reduced compared to wild-type Cx26. The results for the final mutation tested, S17F, differed from both the other mutations and wild-type Cx26. S17F expression induced neither hemichannel currents nor gap-junctional conductance. When cultured in solutions with higher extracellular Ca 2 þ concentrations, all three of the hemichannel forming mutations had reduced levels of activity and increased cell survival. Three of the four KID mutations tested demonstrated significantly increased hemichannel activity compared to the wild-type protein. Taken together with the aforementioned G45E and A40V mutations, increased hemichannel activity appears to be a common feature among GJB2 mutations responsible for KID/HID syndrome.
RESULTS

Gap junction hemichannel currents in single Xenopus oocytes
The GJB2 mutations G12R, N14K, S17F, and D50N are the result of single amino-acid substitutions in the N terminus and first extracellular loop Cx26 and are associated with KID/ HID syndrome. To assess the functionality of these mutations, wild type, G12R, N14K, S17F, and D50N-Cx26 proteins were expressed in Xenopus oocytes. Single cells were subjected to depolarizing voltage pulses and membrane currents were recorded (Figure 1 ). Oocytes injected with H 2 O showed negligible current flow for voltages from À30 to þ 60 mV. The hemichannel activity of wild-type Cx26-injected cells was previously reported and was characterized by outward currents that increased with greater depolarization (Ripps et al., 2004; Gonzalez et al., 2006; Gerido et al., 2007) . Three of the KID mutants, G12R, N14K, and D50N, all showed a significant increase in this outward current when compared to the either H 2 O or Cx26-injected cells. This increased membrane current is associated with a reduction in cell membrane resistance and suggests the presence of hemichannels. Conversely, the S17F mutant showed a reduction in membrane current when compared to Cx26-injected cells, and S17F-injected cells were similar to H 2 Oinjected-negative control cells. This suggested that G12R, N14K, and D50N mutants induced aberrant hemichannel activity, whereas S17F mutants completely eliminated normal hemichannel activity.
Mean steady-state currents were plotted as a function of membrane potential to quantify the hemichannel currents (Figure 2 ). Control cells injected with H 2 O showed negligible currents at all tested voltages. Wild-type Cx26-injected cells displayed larger outward currents than H 2 O-injected cells that increased at greater depolarizing voltages. At the highest voltage tested, wild-type cells showed a maximum current more than 17 times greater than the control cells ( þ 60 mV, o0.05, Student's t-test). The G12R-, N14K-, and D50N-expressing cells produced large outward currents at all voltages tested. At þ 60 mV, these three mutations exhibited www.jidonline.org 871 currents that were approximately three times larger than wild type and more than 40 times larger than control cells, differences that were statistically significant (o0.05, one-way analysis of variance). This change represents a difference in membrane conductance associated with each mutation that could be attributed to increased hemichannel activity. Conversely, expression of the S17F mutation in cells caused a significant reduction of current compared to wild-type cells and closely mimicked control cells across all voltages. The introduction of this mutation can be attributed to a reduction in hemichannel activity at increased membrane potentials. The hemichannel currents recorded from cells expressing the four KID-associated mutations were dramatically different from the wild-type currents. This could have been due to changes in relative quantities of the protein that was produced by the cell or due to a change in activity of the hemichannel. To draw a distinction between these two possibilities, we quantified the amount of protein expressed in the Xenopus oocytes by western blot analysis ( Figure 3 ). The band density for each mutation mimicked that of the wild-type expression, with an intensity normalized to wild type of close to 1 for all mutations. This showed that the alterations in current in the hemichannels were not the result of a change in total connexin protein levels.
Cells expressing KID mutations experienced Ca 2 þ -dependent cell death
Cells expressing the G45E and A40V mutations associated with KID syndrome in the Cx26 gene have been shown to cause an increased rate of cell death (Montgomery et al., 2004; Stong et al., 2006; Gerido et al., 2007) . Elevated extracellular Ca 2 þ levels are known to inhibit connexin hemichannels (Ebihara and Steiner, 1993) and prolonged the lifespan of G45E-expressing cells (Stong et al., 2006; Gerido et al., 2007) . Cells expressing G12R, N14K, S17F, and D50N mutations were incubated in either Ca 2 þ -free modified Barth's medium (MB) solution, or 4 mM Ca 2 þ MB solution immediately after injection with cRNA. Wild-type Cx26 and H 2 O-injected cells were incubated as controls. The effects of Ca 2 þ on the cell viability depended on the expressed mutation ( Figure 4 ). There was no apparent difference between cells incubated in high Ca 2 þ or no Ca 2 þ for conditions with wild-type levels of hemichannel activity or lower (H 2 O control, Cx26 wild-type, and S17F). These cells were healthy upon visual inspection and showed no signs of cell death after being incubated in media with or without Ca 2 þ . Incubation in media with no Ca 2 þ had a profound effect for cells expressing G12R, N14K, and D50N. The membranes of these cells exhibited blebbing and ooplasm began leaking from the cells within 8-10 hours (Figure 4 top). Typically, G12R-, N14K-, and D50N-expressing cells would undergo lysis and cell death within 24 hours. When G12R, N14K, and D50N were expressed in elevated 4 mM Ca 2 þ , the cells were rescued and the membrane integrity was preserved (Figure 4 bottom).
To determine if the change in the observed rates of cell death in different Ca 2 þ concentrations were statistically significant, cell viability was scored by counting the number of cells with visible blebbing every hour between 12 and 24 hours post cRNA injection. Cells expressing wild type or S17F cRNA showed little variation between 0 and 4 mM Ca 
and (d) D50N (n ¼ 12, n) all had currents that were similar to Cx26 at lower voltages but became dramatically larger than Cx26 at increasingly positive potentials. Oocytes injected with (c) S17F (n ¼ 11, x) were similar to H 2 Oinjected cells and displayed a relative lack of current at all voltages tested. The expression level of each mutation (G12R, N14K, S17F, and D50N) was similar to Cx26. (a) Membrane extracts were obtained from an equal number of cells and stained with Cx26 antibodies. H 2 O-injected cells were used as a negative control. Cx26, G12R, N14K, S17F, and D50N were seen in their corresponding lanes and in relatively equal amounts. (b) The expression levels were tested via densitometry (n ¼ 3) and were found to be equal for all mutations and wild type (P40.05). Data are means±SE.
Ca
2 þ . When incubated in 0 mM Ca 2 þ , these three mutations were statistically different (Po0.05, Student's t-test) from wild type after 24 hours, whereas S17F-injected oocytes were not (P40.05, Student's t-test, Figure 5c ). This confirms the observation that cells expressing G12R, N14K, and D50N mutations died at a significantly faster rate than their wildtype counterparts. In contrast, rates of death for S17F-injected oocytes were indistinguishable from wild type. When all cells are incubated in 4 mM Ca 2 þ instead of 0 mM Ca 2 þ , all of the four mutations displayed normal rates of cell death.
Abnormal hemichannel activity was suppressed by extracellular Ca 2 þ Cells expressing KID mutations that resulted in abnormal hemichannel activity also experienced increased cell death in the absence of elevated extracellular Ca 2 þ . This led us to test whether the addition of extracellular Ca 2 þ that rescued the cells was also blocking the aberrant hemichannel activity of G12R, N14K, and D50N. To assess this, currents were recorded for cells in 0, 1, 2, and 4 mM Ca 2 þ containing MB solutions ( Figure 6 ). Cells containing mutant Cx26 G12R (Figure 6a ), N14K (Figure 6b ), and D50N (Figure 6c) proteins showed large outward currents in 0 mM Ca 2 þ solutions as documented earlier. The substitution of 1 mM Ca 2 þ led to a significant reduction in membrane currents (Po0.05) but did not display a total reduction in outward current. The aberrant hemichannel currents produced by the mutated proteins in 2 and 4 mM Ca 2 þ continued to decrease. The currents were significantly reduced in a concentration-dependent manner, but each mutation showed a different sensitivity to extracellular Ca 2 þ (Figure 6d ). This variation in sensitivity is presumably due to the differential effect of each mutation on channel function. However, the variation does not change the phenotype. The mutations responsible for larger aberrant hemichannels still showed increases in cell survivability and decreases in hemichannel currents in higher levels of extracellular Ca 2 þ . The role of hemichannels in cell death seems to be a common feature of Cx26 mutations associated with KID syndrome.
Gap junctions in paired Xenopus oocytes
The rescue of cells expressing G12R, N14K, and D50N proteins by elevated Ca 2 þ allowed us to test whether any of our mutations created fully functional intercellular channels using dual whole-cell voltage clamp in paired oocytes (Figure 7 ). Cells injected with the cRNAs for G12R, N14K, S17F, D50N, or wild-type Cx26 were incubated and paired in 4 mM Ca 2 þ . Water-injected cells were used as a negative control. Cell pairs expressing wild-type Cx26 proteins showed junctional conductances that were 12-fold higher than those for control pairs. Oocyte pairs for G12R, S17F, and D50N showed conductances that were significantly lower than wild-type pairs (Po0.05) and were tantamount to control pairs. This suggested the lack of properly functioning gap junctions for these mutations. It has previously been shown by dye transfer assay that S17F showed no gapjunctional coupling (Richard et al., 2002) . Curiously, pairs of N14K-expressing cells showed a junctional conductance that was significantly higher than negative controls (Po0.05) and indistinguishable from wild-type values.
The formation of gap junction channels by N14K allowed for analysis of the voltage-gating properties. Oocyte pairs expressing N14K showed an apparent loss of the voltage gating seen in their wild-type counterparts. A common feature of wild-type Cx26 traces was the asymmetric nature of decay at higher voltages that was not seen in N14K cell pairs (Figure 8a and b) . The steady-state conductance values were normalized, plotted against transjunctional voltage, and fit to a Boltzmann equation (Figure 8c ). The complete loss of voltage gating can clearly be seen by the linearity of the N14K data that has a value of unity at all voltages tested and a slope near zero. This apparent difference can be attributed to the N14K mutation and may be part of observed variation in KID phenotype for individuals with this mutation. 
DISCUSSION
The appearance of KID syndrome is marked by syndromic deafness and associated skin diseases. Mutations causing nonsyndromic deafness are found throughout the GJB2 protein, but KID syndrome variants are restricted to the N terminus and first extracellular loop. It was previously shown that the KID mutations G45E and A40V resulted in increased hemichannel activity (Montgomery et al., 2004; Gerido et al., 2007) . The increased hemichannel currents caused cell death that could be blocked through the addition of extracellular Ca 2 þ . In this study, we examined the behavior of four additional GJB2 mutations associated with SNHL and skin disorders. The G12R, N14K, and D50N mutations led to increased hemichannel activity and cell death. The S17F mutation produced a distinct loss of hemichannel activity altogether, with no cellular lethality. The cell death phenotype of G12R, N14K, and D50N could be rescued through the addition of extracellular Ca 2 þ . These findings are consistent with previous studies describing hemichannel activity associated with Cx26 and suggest a common characteristic among the KID-associated mutations (Montgomery et al., 2004; Stong et al., 2006; Gerido et al., 2007) .
The most commonly occurring KID mutation analyzed in this paper is D50N. Reported cases display profound SNHL, photophobia, keratitis, and associated skin disorders (Richard et agreed with the theory that KID mutations displayed aberrant hemichannel activity and both mutations failed to induce electrical coupling between paired cells. The cellular death observed in these cases could be rescued by introduction of Ca 2 þ to the extracellular media during incubation. However, the main difference between the two mutations was an apparent change in their sensitivity to the concentration of Ca 2 þ . Hemichannel activity in D50N was less responsive to changes in the extracellular concentration. The response of G12R was quicker and more complete. Both cell populations could be rescued from cell death, but they showed a different reaction to extracellular Ca 2 þ levels. The reduction of D50N currents was smaller than G12R; however, D50N also had a lower magnitude of hemichannel activity in 0 mM Ca 2 þ . Elevation of external calcium reduces the amplitude of hemichannel currents by shifting the voltage activation curve to more positive potentials (Ebihara and Steiner, 1993) , such that the mutations with larger hemichannel activity (G12R and N14K) may reflect different activation voltages and experience a larger reduction in current. The underlying cause remains unknown, but may be attributed to the location of the mutations relative to the membrane. The G12R and N14K mutations are bathed in the intracellular solution and D50N is found on the first extracellular loop.
The reported case of N14K was found to have SNHL similar to all of the other mutations reported (van Steensel et al., 2004) . However, the patient bearing this mutation was described as having a phenotype more similar to Clouston syndrome (caused by mutations in GJB6) than KID syndrome due to the lack of keratitis and overall mild-associated skin conditions. These observations were consistent with our functional data. The mutant channels led to cell death and elevated hemichannel activity similar to other KID-associated mutations in addition to the formation of complete gap junctions with a conductance similar to wild-type channels. The difference between N14K channels and Cx26 wild-type gap junctions was the complete loss of voltage-dependent gating. The N terminus has been shown to be crucial for voltage-gating properties of channels (Barrio et al., 1991; Oh et al., 1999) . It was also reported that the N terminus of Cx26 has a region of flexibility around the first 12-14 amino-acid residues that is important to cellular function (Arita et al., 2006) . The loss of voltage gating seen for N14K also suggests that this residue plays a key role in voltage gating. Although several KID mutations have shown no electrical coupling between cells, G45E cells were coupled and the resulting channels demonstrated an increase in voltage sensitivity (Gerido et al., 2007) . This suggests that KID mutations that form gap junction channels have reduced conductance at modest transjunctional potentials. The relative loss of conductance compared to wild type could be another property shared by KID mutations. The lack of voltage sensitivity seen by N14K cells may be responsible for causing a phenotype closer to Clouston syndrome by producing conductances across all transjunctional voltages.
One of the most severe phenotypes observed in patients was due to S17F mutation. It has been reported that this condition lead to SNHL, visual impairment, and in one case lethal carcinoma of the tongue ( 
and H 2 O (n ¼ 41) were clamped and held at À40 mV. One cell of the pair was subjected to a voltage pulse whereas the other cell was held constant. The junctional current between cells was recorded and divided by the voltage step to calculate junctional conductance. N14K was the only expressed mutation with a conductance greater than that of H 2 O cells. Oocytes with Cx26 and N14K produced a similar junctional conductance. Data are means ± SE. www.jidonline.org 875 mutation also had a different phenotype in our results, displaying a complete lack of both gap-junctional coupling and hemichannel activity. It was similar to negative controls in both experimental recordings. It was also reported that S17F showed a complete lack of coupling in HeLa cells via a dye transfer assay with caboxyfluorescein (Richard et al., 2002) . This was consistent with our observations that demonstrated the inability of S17F mutant channels to couple cells. These data suggest that S17F may operate by an alternative method of function previously not classified.
After classification of the functional activity of the four mutations analyzed in this paper, we concluded that aberrant hemichannel activity is a common feature among KIDassociated mutations. It has been shown that Cx26 is important in keratinocyte growth and differentiation (Kelsell et al., 2001) . There seems to be a distinct pathology for syndromic hearing loss and skin-associated disorders. As was displayed with the N14K mutation, a combination of effects can be caused by the dual activity of Cx26 as both an intercellular channel and a hemichannel interacting with the extracellular solution. With the data from G12R, N14K, S17F, A40V, G45E, and D50N mutations of Cx26, one can conclude that the altered hemichannel activity of these mutants is important in cell signaling (Gerido et al., 2007) . The mutation of G11R in Cx30 was also reported to produce hemichannel activity and leads to cell death (Essenfelder et al., 2004) . This group also showed the association of A88V with induced cell death in Xenopus oocytes. Aberrant hemichannel activity and cell death are common features of Cx26 and Cx30 mutations associated with KID syndrome and other epidermal disorders; however, the precise mechanism whereby this may contribute to a loss of cell viability and tissue integrity remains to be elucidated.
MATERIALS AND METHODS
Molecular cloning
Human wild-type Cx26 was cloned into the BamHI restriction site of the pCS2 þ expression vector for functional studies in Xenopus laevis oocytes (Rouan et al., 2001) . DNA primers (Table S1 ) with BamHI restriction sites (Integrated DNA Technologies, Inc., Coralville, IA) were designed to generate the G12R, N14K, S17F, and D50N mutations by standard PCR mutagenesis (Mese et al., 2004; Gerido et al., 2007) . The G12R-, N14K-, and S17F-specific sense primers were paired with a Cx26 wild-type antisense primer and amplified by PCR with conditions of 95 1C for 4 minutes, followed by 25 cycles of 94 1C for 30 seconds, 60 1C for 30 seconds, 72 1C for 45 seconds, and 72 1C for 2 minutes. The D50N mutation was created by the overlap extension method (Horton et al., 1990) , using D50N-specific primers in conjunction with Cx26 sense and antisense primers. PCR products were gel purified using the QIAquik gel extraction kit (Qiagen, Valencia, CA), digested with BamHI and cloned into pBlueScript (Stratagene, La Jolla, CA), and sequenced on both strands (GeneWiz North Brunswick, NJ). Mutants with the correct sequence were subcloned into the pCS2 þ vector (Turner and Weintraub, 1994) .
In vitro transcription, oocyte microinjection, and pairing
Use of frogs was approved by the Institutional Animal Care and Use Committee. Human Cx26, G12R, N14K, S17F, and D50N were linearized using the NotI restriction site of pCS2 þ , and transcribed using the SP6 mMessage mMachine (Ambion, Austin, TX). Adult Xenopus females were anesthetized with ethyl 3-aminobenzoate methanesulfonate, and ovarian lobes were surgically removed and digested for 1.5 hours in a solution containing 50 mg ml À1 collagenase B, and 50 mg ml À1 hyaluronidase in MB without Ca 2 þ . Stages V-VI oocytes were collected and injected first with 10 ng of antisense Xenopus Cx38 oligonucleotide to eliminate endogenous connexins (Barrio et al., 1991; Bruzzone et al., 1993) . Antisense oligonucleotide-treated oocytes were then injected with wild-type Cx26, G12R, N14K, S17F, and D50N cRNA transcripts (5 ng per cell), or H 2 O as a negative control. cRNA-injected oocytes were then cultured in Ca 2 þ -free MB, or MB with elevated Ca 2 þ (4 mM CaCl 2 ) and cultured until ready for electrophysiological recording or image capture. For measurements of gap-junctional conductance, the vitelline envelopes were removed in a hypertonic solution (200 mM aspartic acid, 10 mM HEPES, 1 mM MgCl 2 , 10 mM EGTA, and 20 mM KCL at pH 7.4), and the oocytes were manually paired with the vegetal poles apposed in MB with elevated Ca 2 þ .
Electrophysiological hemichannel current recordings
At 8-12 hours after cRNA injection, macroscopic recordings of hemichannel currents were recorded from single Xenopus oocytes using a GeneClamp 500 amplifier controlled by a PC-compatible computer through a Digidata 1320 interface (Axon Instruments, Foster City, CA). pClamp 8.0 software (Axon Instruments) was used to program stimulus and data collection paradigms. To obtain hemichannel I-V curves, cells were initially clamped at À40 mV and subjected to 5 seconds depolarizing voltage steps ranging from À30 to þ 60 mV in 10 mV increments. To test the effect of extracellular Ca 2 þ on hemichannel currents, oocytes were switched between MB media without Ca 2 þ , or MB supplemented with elevated Ca 2 þ (1, 2, and 4 mM CaCl 2 ) via a perfusion system that washed 25 ml of solution through the 35 mm dish before recording. Cells were allowed to rest in the new solution for 2-5 minutes before recording.
Dual whole-cell voltage clamp
Gap-junctional coupling between oocyte pairs was measured using the dual whole-cell voltage clamp technique (Spray et al., 1981) . Current and voltage electrodes (1.2 mm diameter, omega dot; Glass Company of America, Millville, NJ) were pulled to a resistance of 1-2 MO with a horizontal puller (Narishige, Tokyo, Japan) and filled with solution containing 3 M KCl, 10 mM EGTA, and 10 mM HEPES, pH 7.4. Dual voltage clamp experiments were performed using the same amplifier, data acquisition interface, computer, and software used for hemichannel current recordings. For measurements of junctional conductance, both cells in a pair were initially clamped at À40 mV to eliminate any transjunctional potential. One cell was then subjected to alternating pulses of ± 20 mV, whereas the current produced by the change in voltage was recorded in the second cell.
The current delivered to the second cell was equal in magnitude to the junctional current, and the junctional conductance was calculated by dividing the measured current by the voltage difference, G j ¼ I j /(V 1 ÀV 2 ). To determine voltage-gating properties, transjunctional potentials (V j ) of opposite polarity were generated by hyperpolarizing or depolarizing one cell in 20 mV steps (range, ±120 mV) while clamping the second cell at À40 mV. Currents were measured at the end of the voltage pulse, at which time they approached steady state (I jss ). Macroscopic conductance (G jss ) was calculated by dividing I jss by V j , normalized to the values determined at ± 20 mV, and plotted against V j . Data describing the relationship of G jss as a function of V j were analyzed using Origin 6.1 (Microcal Software, Northampton, MA) and fit to a Boltzmann relation of the form: G jss ¼ (G jmax ÀG jmin )/ 1 þ exp(A(V j ÀV 0 )) ¼ G jmin , where G jss is the steady-state junctional conductance, G jmax (normalized to unity) is the maximum conductance, G jmin is the residual conductance at large values of V j , and V 0 is the transjunctional voltage at which G jss ¼ (G jmax ÀG jmin )/2. The constant A ¼ nq/kT represents the voltage sensitivity in terms of gating charge as the equivalent number (n) of electron charges (q) moving through the membrane, k is the Boltzmann constant, and T is the absolute temperature.
Preparation of oocyte samples for western blot analysis and quantification
Oocytes used for electrophysiological recording were collected in 2 ml tubes and frozen at À80 1C. Oocytes were homogenized in 1 ml of buffer containing 5 mM Tris, pH 8.0, 5 mM EDTA and protease inhibitors using a series of mechanical passages through needles of diminishing caliber (20, 22, 26 gauge) . Extracts were centrifuged at 1,000 g at 4 1C for 5 min. The supernatant was then centrifuged at 100,000 g at 4 1C for 30 min. Membrane pellets were resuspended in SDS sample buffer (1 ml per oocyte), samples were separated on 15% SDS gels and transferred to nitrocellulose membranes. Blots were blocked with 5% BSA in 1 Â phosphatebuffered saline with 0.02% NaN 3 for 1 hour and probed with a polyclonal Cx26 antibody, at a 1:500 dilution (Zymed Laboratories, San Francisco, CA), followed by incubation with alkaline-phosphatase conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Band intensities were quantified using Kodak 1D Image Analysis software (Eastman Kodak, Rochester, NY). Values from three independent experiments were normalized to the mean value of band intensity of the wild-type Cx26 sample.
